ABSTRACT Synthetic pyrethroids are lipophilic insecticides whose biological activity seems to be directly related to their chemical structure. In this investigation differences in cutaneous sensation were detected by human participants between synthetic pyrethroids with a cyano group in the (S)-configuration of the 3-phenoxybenzyl alcohol of their molecular structure (fenvalerate) and those that do not (permethrin 
were isolated and identified; and finally, increasingly active analogues were synthesised. Few insecticides are as biologically active or possess such a great potential for structural variation with total retention, or even possibly enhancement, of potency as the synthetic pyrethroids. They incorporate a high insecticidal activity (knockdown) for a wide variety of insects with a relatively low toxicity for mammals. Numerous derivatives of the original pyrethroids are now among the most potent pesticides known to man and are being evaluated for many different applications, as well as for possible replacements of the organophosphate, carbamate, and organochlorine insecticides. ' with a high cost, restricted their agricultural application. 2 The more recently synthesised pyrethroids, however, combine this high insecticidal activity with a persistence necessary to control a broad range of pests. A better knowledge of the field behaviour of the synthetic pyrethroids in relation to the pest/ predator complex of each agricultural region has shown how judicious applications can actually minimise harm to beneficial insects. Physical properties, such as involatility, lipophilicity, and susceptibility to degradation by micro-organisms, have severely restricted the efficaciousness of these agents against various soil insects.
The biological activity of the synthetic pyrethroid insecticides seems to be directly related to their chemical structure.34 Almost all active pyrethroids are esters of cyclopropane carboxylic acids with alkenylmethyl cyclopentenolone alcohols. Their constituent acids and alcohols, and simple derivatives, are practically inactive. Properties such as electron density and polarisability are of little importance. The alpha-cyano derivatives, with a cyano group in the S-configuration of the 3-phenoxybenzyl alcohol of the molecular structure, have an increased potency of approximately four-363 Flannigan, Tucker, Key, Ross, Fairchild II, Grimes, and Harrist fold with insects.3 A higher toxicity for cis-isomers, as compared with their corresponding trans-isomers, has also been observed for numerous pyrethroids in the rat. The highly lipophilic nature of the synthetic pyrethroids has made them practically insoluble in water, a property that promotes rapid penetration through an insect's cuticle.
Synthetic pyrethroids are considered broad range insecticides that are nerve toxins. They act directly on the axon through interference with the sodium channel gating mechanism that underlies the generation and conduction of each nerve impulse.56 The pyrethroids induce the sodium channels to close slower than normal, resulting in a gradually decaying inward sodium current after termination of membrane depolarisation. This slow influx of sodium ions on termination of depolarisation is referred to as a sodium tail current. Non-cyano pyrethroids induce tail currents with time constants of decay in the order of milliseconds, whereas alpha-cyano pyrethroids result in time constants of decay in the hundreds of milliseconds to more than one second.
Recent clinical studies with isolated preparations of the peripheral nervous system of the clawed frog, Xenopus laevis, have augmented the distinction between two main classes of these synthetic insecticides:
(1) Pyrethroids which do not have an alpha-cyano group attached to their molecular structure (allethrin, permethrin, cismethrin, and bioresmethrin). These particular insecticides result in relatively short trains of nerve impulses in the lateral line sense organ. In the peripheral nerves they induce a depolarising after potential with repetitive firing. As early as 1941, workers with the plant extract, pyrethrum, noted a paraesthesia similar to, but less intense than, that described by present day workers with the more potent synthetic agents. '6 The universal aspect of this cutaneous reaction is emphasised by reports from diverse parts of the world, as well as from varying occupational settings, indicating that paraesthesia from the pyrethroids is a widespread problem. '3 -16 The sensation can be quite uncomfortable, and may result in the substitution of more toxic insecticides by sensitive workers in order to avoid the annoying paraesthesia. Even mild sensations may lead to pronounced anxiety. To summarise, the occurrence of paraesthesia is widespread and may result in discomfort and anxiety leading to a decrease in the usefulness of this class of insecticide, despite several advantages over other insecticides which cause no apparent cutaneous sensation.
Materials and methods
The following studies were conducted to test the hypothesis that possible differences between two widely used synthetic pyrethroids exist in producing cutaneous sensation or irritation or both. One of the two agents evaluated was fenvalerate, an alphacyano pyrethroid, the other being permethrin, a non-cyano pyrethroid. (permethrin) , and the inert ingredients that comprise a major portion of both formulated compounds. Both technical pyrethroids were diluted with absolute ethanol whereas the formulated compounds were diluted in distilled water. The evaluation used a previously developed assay. '7 18 The participants were exposed to the cutaneous sensation before the onset of the study. Preparation consisted of two separate topical applications, one with a field strength alpha-cyano pyrethroid (0-13 mg/cm2) and the other with a field strength non-cyano pyrethroid (0-13 mg/cm2), with a review and discussion of the paraesthesia felt by each subject. The same technique was used for all participants in each portion of this research. Concentrations were prepared and recorded throughout the investigation in mg/cm2 which pertains to the number of milligrams of synthetic pyrethroid topically applied per unit area of skin.
Application of 0*05 cc of field strength formulated or technical fenvalerate (0-13 mg/cm2), field strength formulated or technical permethrin Flannigan, Tucker, Key, Ross, Fairchild II, Grimes, and Harrist (0-13 mg/cm2), or the inert ingredients were delivered to a 4 cm2 area on the lower margin of one earlobe of each participant via a tuberculin syringe (accuracy + 0-002 cc) on five separate occasions. The opposite earlobe received 0-05 cc of distilled water when opposing a formulated pyrethroid and absolute ethanol as the control for a technical pyrethroid. Participant evaluation after each application continued for 48 hours and involved grading and describing any unusual cutaneous sensations. The grading scale was on a basis of 0 to 4, with 0 = no sensation; 1 = mildly felt sensation; 2 = definite sensation, no discomfort; 3 = moderate sensation, little or no discomfort; and 4 = intense sensation with discomfort. All applications were made in a double blind fashion from numbered vials. Each participant was therefore treated with only one of the five possible agents on each test date, with the vehicle always applied to the opposite ear. About 48 hours after each application, the same participant was treated with one of the remaining compounds on the opposite earlobe from the preceding application. Earlier investigations showed that there were no significant carry over effects-that is, prior applications of a pyrethroid to an earlobe did not influence later applications to the same earlobe. '8 This procedure was followed until each participant had evaluated both formulated and technical pyrethroids, and the inert ingredients. All treatments and sites were randomly assigned before application.
When comparing the overall cutaneous sensation from the various compounds, the aggregate of the reaction scores contained the same number of subjects, applications, and days applied. Since the unique characteristics of each individual remained constant under the different treatments, observations by each person tended to be correlated. The data over 48 hours for each participant were summarised, averaged, and tabulated. The results were analysed using an analysis of variance (ANOVA) with a repeated measure design, incorporating three cells (treatment levels) with six observations (subjects) per cell. '9 20 To rank the three treatments Study 2 compared differences in the doseresponse curves for fenvalerate and permethrin using formulated fenvalerate and formulated permethrin at successive concentrations of 2-69, 1-00, 0-36, 0-13, and 0-01 mg/cm2. The most appropriate linear fit for both pyrethroid insecticides was on semilog paper with cutaneous sensation on the ordinate axis (Y) and the common logarithm of concentration on the abscissa (X).
The correlation coefficient (R) of the average cutaneous sensation noted by all participants for formulated fenvalerate and the common logarithm of concentration was 99 0%. Regressing cutaneous sensation on the common logarithm of concentration resulted in a regression equation of Y = 84-0 + 310X1, with a square of the correlation coefficient (R2) of 84-9%. The R value for the average cutaneous sensation felt by all participants for formulated permethrin and the common logarithm of concentration was 94-0%. Regressing the cutaneous sensation on the common logarithm of concentration resulted in a regression equation of Y = 27-5 + 15-8X1, with an R2 value of 75 6%. Figure 3 presents the regression equations for formulated fenvalerate and formulated permethrin with 95% confidence bands appended to both. Comparing the equations, the y-intercept for fenvalerate is approximately threefold greater than for permethrin, whereas the slope (m) is roughly twice as large.
Study 3 entailed the evaluation of the therapeutic benefit of dl-alpha tocopheryl acetate (1 mg = 1 IU) for the dysaesthesia that results from topical expos- 
formulated fenvalerate (0.13 mg/cm2) and technical and formulated permethrin (0-13 mg/cm2) were used in this study. An extensive degree of inhibition accompanied the topical application of vitamin E acetate for formulated fenvalerate (fig 4) . By comparing the digitised area under each curve, there was an approximate 40-fold inhibition of cutaneous sensation. Figure 5 presents the therapeutic treatment of technical fenvalerate, with a corresponding 20-fold inhibition of paraesthesia. A statistically significant (p s 0-05) inhibition of sensation for both purities of fenvalerate is shown by the data in table 2. The therapeutic index for formulated fenvalerate was substantial at 98% inhibition, whereas technical fenvalerate reached 100%. Similar results were noted with the cutaneous inhibition of formulated and technical permethrin (figs 6 and 7). In both cases total inhibition of the cutaneous sensation resulted from the topical application of dl-alpha tocopheryl acetate; the vitamin E acetate yielded a therapeutic index of 100% and a significant difference from either form of permethrin applied separately. The human assay, incorporated into studies 1, 2, and 3, necessitated the topical application of milligram quantities of a field strength synthetic pyrethroid to the lobule of a patient's ear. Numerous prior investigations have attested to the safety and efficaciousness of this assay, and the documented low inherent mammalian toxicity of the synthetic pyrethroids. Rapid penetration was enhanced since the pyrethroids are extremely lipophilic and were directly applied to an extremity composed of both areolar and adipose tissue. The auriculotemporal nerve, branching from the inferior maxillary of the trigeminal (fifth cranial) innervates most of the lobule. LeQuesne et al observed in electrophysiological studies that the disturbances produced by the synthetic pyrethroid insecticides occurred more frequently in sensory than in motor nerves and that the symptoms resulting in man from occupational exposures were solely due to sensory nerve involvement.'4 Based on this rationale, it seemed appropriate for the human assay to use a source of tissue where rapid penetration would be enhanced with prominent sensory nerve involvement.
The cutaneous sensation, often referred to as paraesthesia or dysaesthesia, is the most prominent health symptom that accompanies topical contact with these potent insecticides. '3-'5 It appears to be unique in quality, time of onset, and duration. Previous stinging sensations of the skin have been noted after topical application of certain agents, but generally occurred either immediately or within several minutes after contact and only in a very sensitive subset of the population, usually fair skinned women.2425 This is not the case with the synthetic pyrethroid cutaneous sensation, which seems to be almost universal and possess a latent period of one to two hours after application. '8 Participants in study 1 of this investigation noted a prominent increase in paraesthesia between formulated fenvalerate and formulated permethrin, and between technical fenvalerate and technical permethrin. Nevertheless, no cutaneous sensation was recorded by any of the same participants on topical exposure to the inert ingredients of these pyrethroids. It would seem that the inert ingredients, organic solvents and surfactants, are not the offending agents causing the paraesthesia. Narahashi, using a voltage clamp assay in combination with various toxins, drugs, and enzymes showed that the nerve impulse, thought to be responsible for this particular sensation, arises from a rapid transient change in the semipermeability of the nerve membrane to sodium and potassium ions. This transition in permeability is governed by molecular pores in the axon membrane referred to as sodium and potassium channels. An extended sodium current, after termination of the nerve membrane depolarisation, is the mechanism thought to be responsible for the occurrence of this repetitive activity. Vijverberg et al have shown that after topical treatment with alpha-cyano pyrethroids, this sodium tail current deteriorates much more gradually than after non-cyano pyrethroids, and that the difference in time restraints is at least one-fold greater.26 They also noticed considerably smaller variations in the magnitude of the sodium tail current among agents that belong to the same synthetic pyrethroid category-non-cyano or alpha-cyano. This corresponds closely with the results of study 1, which did not substantiate a statistically significant difference (p 3 0.05) between the fenvalerate pyrethroids or between the permethrin pyrethroids evaluated at similar concentrations. These results also coincide with an earlier investigation which established that there was no difference between heavy ends and technical fenvalerate, at the same concentration, when evaluated by 36 participants. '8 In a more recent investigation Vijverberg and van den Bercken concluded that the non-cyano pyrethroids produce sodium tail currents with a time constant of decay in the order of approximately 10 milliseconds,22 whereas the alpha-cyano pyrethroids range from hundreds of milliseconds to more than one second. These results were indicative of the fact that the actual rate of relaxation of the activation gate (m-gate) in pyrethroid affected sodium channels is a characteristic of each particular category of synthetic pyrethroid, and that the rate of relaxation is substantially slower after treatment with alphacyano pyrethroids. Therefore, the rate of relaxation of the sodium channel influx helps to explain the 40-fold difference noted between formulated fenvalerate and formulated permethrin, and between technical fenvalerate and technical permethrin in this investigation.
Study 2 denoted a linear correlation between concentration of a formulated synthetic pyrethroid and 370 group.bmj.com on July 6, 2017 -Published by http://oem.bmj.com/ Downloaded from Synthetic pyrethroid insecticides: a dermatological evaluation the degree of induced paraesthesia. Fenvalerate resulted in a substantially steeper slope (m = 31-0) than permethrin (m = 15-8). This could be considered connotative of an enhanced cutaneous sensation from only minor increases in concentration of a formulated alpha-cyano pyrethroid, whereas a non-cyano pyrethroid merely fluctuated to a minor degree over a similar range of concentrations. Possibly, these regression curves are indicative of the fact that, as the concentration of a pyrethroid is increased, so will be the number of sodium channels affected during membrane depolarisation. This would result in a direct influence on the corresponding amplitude of the pyrethroid induced sodium tail current and coincide with the fact that the amplitude of a pyrethroid induced sodium tail current is always proportional to the number of sodium channels that open during nerve membrane depolarisation.222627
In study 3 vitamin E acetate (C31H5203) was found to be a highly efficacious therapeutic agent for synthetic pyrethroid exposure. Vitamin E acetate (1 mg = 1 IU) was chosen because it is a well known biological antioxidant that inhibits peroxides from accumulating and protects cells from the scavenging effects of free radicals. It also ensures the stability and integrity of biological membranes.2829 One of the two possible routes of absorption through the epidermis consists of a direct transition through the stratum corneum, granulosum, spinosum, and basalis to the dermis; this is possible since dl-alpha tocopheryl acetate is a highly lipophilic compound. Access is also secured through the pilosebaceous unit and connective tissue sheaths. Dl-alpha tocopheryl acetate also has a high affinity for small blood vessels and possesses an anti-inflammatory capability. Kamimura and Matsuzawa indicate that it will suppress inflammation with either topical or systemic administration, and with prophylactic or therapeutic treatment.20 Its anti-inflammatory action is thought to be related to its ability to stabilise lyosomal membranes, histamine liberation from granules of mast cells, and serotonin liberation from tissue cells. Further, vitamin E acetate is nonirritating and non-sensitising when evaluated by itself.
Vitamin E acetate is stable to the oxidising influences of air or light, including ultraviolet light. It is also relatively stable to acids and heat. It may therefore be used practically in the field for occupational exposure with little concern as to handling precautions. To date, no cases of hypervitaminosis E have been documented from topical application of dl-alpha tocopheryl acetate.
